The stable ternary copper(II) complexes of ATP and ADP, [Cu(HoATP)(phen)]2 • 7 HoO (2) and [Cu4(HADP)2(bipy)4(H20)2(N03)2] • 2 N03 (3), have been isolated from aqueous solution at respective pH values of 2.8 and 4.0. Their structures have been established by single crystal X-ray diffraction. Tridentate coordination of each of the Cu atoms by ono a-, one ß-and one y-phosphate O atom of one ATP molecule is observed in 2. The binding 0« atoms occupy axial positions in a distorted octahedral geometry at Cu and the Cu-0« interactions are weak. The other axial position is occupied by a y-phosphate O atom of the second ATP molecule, leading to a dimeric structure. The basic structure of 3 is similar with, in this case, bidentate coordination of each of the central Cu atoms by one a-and one ^-phosphate 0 atom of ono ADP molecule. In this case, however, the third terminal /»-phosphate O atoms each bind a further Cu atom. All four Cu atoms in 3 display square pyramidal coordination. The structures of 2 and 3 are stabilised by intramolecular stacking of adenine and phenanthroline/bipyridyl systems. The significance of these structures as models for enzyme-metal ion-nucleoside polyphosphate complexes is discussed.
Introduction
Enzymes which utilise a nucleoside polyphosphate (e.g. ADP or ATP) as a cofactor or substrate will typically require a specific complex of the nucleotide with a divalent cation for activity. If we consider ATP, in which each of the three phosphate functions is potentially capable of binding the metal ion. then a number of mono-, bi-and tridentate coordination geometries are possible. Furthermore, an enzyme will accept one stereoisomer of such a complex while rejecting others. A detailed knowledge of the molecular geometry of metal-nucleoside polyphosphate complexes is, therefore, essential for an understanding of the modes of enzyme-nucleotide recognition and interaction.
In view of the significant number of X-ray structural characterisations of both binary and ternary metal-nucleotide complexes which have been carried out in the past 7 years [2, 3] , it is, at first sight, somewhat surprising that these studies have, until very recently, concentrated on nucleoside o'-monophosphates. An explanation for this state of affairs must be sought in the inherent instability of metal complexes of ADP and ATP, particularly in the * Full tables of bond lengths and ancles and lists of observed and calculated structure factors are available from the author. 0340-5087/82/0700-0863/$ 01.00/0 solid state. Under physiological conditions the complexed metal ion is commonly Mg 2+ . Diastereomers of magnesium-nucleoside polyphosphate complexes interconvert with a half-life of the order of only 10 5 sec. Enzyme function may, however, be studied witli other metals, complexes of which may be stable enough to allow separation and characterisation in solution, examples being provided by Co(NH3)"AI)P and Co(XH3)wHATP [4, 5] , Most divalent metal cations catalyse the nonenzymatic transfer of phosphate from nucleoside polyphosphate to various acceptors [6] , so that evaporation of solutions of metal salts and ADP or ATP usually yields a mixture of metal phosphates and metal-nucleoside 5'-monophosphate complexes. The introduction of a second chelating ligand such as 2,2'-bipyridyl(bipy) or 1,10-phenanthroline (phen) greatly reduces this dephosphorylation as a result of the formation of very stable ternary complexes between the nucleoside polyphosphate, the metal cation and the chelating ligand. VII XMR studies on such complexes in solution have demonstrated that their stability is enhanced by intramolecular stacking interactions between the heterocyclic base and the purine moieties [7] . Recently ternary complexes of 3d metals with ATP have also been isolated and characterised in the solid state. Orioli [8] and have performed an X-ray analysis on the zinc complex (1) [9] . We have synthesised the complex [Cu(H2ATP)(phen)]2 • 7 H20 (2) and have presented a preliminary account of its X-ray structural characterisation [10] . Both 1 and 2. which possess similar structures, display a tridentate coordination of the metal ion. Such complexes are not only of importance as models for the study of the mechanism of the enzymatic phosphate transfer but are also of relevance, on account of their stability towards hydrolysis, as models for the transport of ATP through biological membranes. In this paper we present the preparation and X-ray structural characterisation of a metal-ADP complex, the ternary complex [Cu4(HADP)2(bipy)4(H20)2(N03)]2-2N03 (3). To our knowledge this represents the first isolation of a stable metal-ADP complex in the solid state. We also report a detailed description of the X-ray structure of the ATP complex (2) in comparison with 3. Under the conditions of preparation, the adenine nitrogen N(l) is protonated in both 2 and 3.
Experimental

Preparation of [Cu(H2ATP)(phen)]2
• 7 H20 (2) 0.10 g (0.5 mmol) Cu(X03)2 and 0.10 g (0.5 mmol) 1,10-phenanthroline in 6 ml of H20 were added with stirring to a solution of 0.28 g (0.5 mmol) Xa2ATP (Sigma Chemical Co.) in 3 ml H20. The pH value was adjusted to 2.8 and the temperature held at 80 °C for 30 min. Upon slow cooling of the solution blue-green crystals of 2 were precipitated in a quantitative yield. These crystals were filtered off. washed with water and methanol and air dried. The microanalysis, which was carried out by Beller (Göttingen) was in accordance with the presence of either six or seven water molecules of crystallisation. The subsequent X-ray refinement of the structure indicated that the presence of seven water molecules is more probable.
C44H44N14026P6CU2 • 7 H20
Calcd C 32.54 H 3.6 X 12.07. Found C 32.8 H 3.7 X 12.4.
Preparation of [Cui(IlADP)2(bipy)i(H20)2(N0z)2]
• 2 N03 (3) 3 was prepared in a similar manner by adding 0.10 g (0.5 mmol) Cu(X03)2 and 0.09 g (0.5 mmol) 2,2'-bipyridyl in 6 ml of H20 to a solution of 0.23 g (0.5 mmol) XaADP (Sigma Chemical Co.) in 3 ml HoO at 80 °C. The pH value was adjusted to 4.0. After slow cooling, the solution was allowed to stand in a closed vessel at room temperature. A small quantity of small plate-shaped blue crystals were precipitated over a perios of 3-4 weeks. These were filtered off. washed with water and methanol and air dried. The results of the elementary analysis suggested that water of crystallisation is either absent or that the number of such molecules must be small.
The X-ray analysis provided no evidence for the presence of water of crystallisation. X-ray structural analysis of 2 and 3
C^oH 62N220mP4C114
Crystal and refinement data for 2 and 3 are summarised in Table I . Reflection data were collected in the 0-2 0 mode with graphite monochromated CuKa radiation (/ = 1.54178 A). Empirical absorption corrections based on azimuthal scan data were applied to the intensities. The structures were solved by direct methods and refined by blocked fullmatrix least-squares. The refinement of 2 proceeded satisfactorily and anisotropic temperature factors were introduced for the Cu, P and 0 atoms. Difference syntheses indicated that the presence of 7 water molecules of crystallisation is probable. 4 of these are disordered -OW(4) to OW(7). Hydrogen atoms were not included in the refinement. Weights were given by the expression w = k [cr 2 Only very small crystals with limited resolution could be obtained for 3. The largest of these with dimensions 0.12 x 0.03 X 0.14 mm was used for the data collection. Preliminary crystallographic studies indicated that the solution and refinement of the structure would be difficult if not impossible. A large variation in the mosaic spread of the reflections along the axial directions was observed. Profile widths as measured by co-scan were between 1.5 and 2.0 3 for the reflections h00 but 3.0 to 3.5° for reflections 0&0. As a result no reflections significantly greater than background (i.e. with Fo 2 > 2.0cr(Fo 2 )) could be observed above 20 = 70° for reflections hkl with h and I small and k large. These reflections display, therefore, a nominal resolution of 1.34 A, which would presumably not have been adequate to allow atom resolution and refinement. However, reflections hkl with h and/or I large and k small were somewhat better resolved and allowed the observation of significant reflections to a 20 value of 90 J (resolution = 1.09 A). Of :
1296 reflections collected only 1861 showed F0 2 > 2.0o(F0 2 ). Positions for the Cu. P and phosphate and ligand water O atoms were obtained by direct methods and difference syntheses. These atoms were freely refined in the final cycles of refinement and anisotropic temperature factors were introduced for the four Cu atoms. Conventional Compound  Table I . Crystal and refinement data.
Stoichiometry Space group
Crystal size (mm) a (A) (9) 34 (2) 0(11) 0.4502(10) 0.9323(5) 0.2481 (11) 41 (3) 0(12) 0.3673(12) 0.9724(6) 0.2737 (13) 54 (4) 0(13) 0.2590(12) 0.9555(6) 0.2637 (13) 56 (4) 0(14) 0.2354(12) 0.8983(6) 0.2331 (13) 53 (4) 0(15) 0.3285(10) 0.8651(5) 0.2225 (11) 39 (3) 0(16) 0.1192(12) 0.8773(6) 0.2281 (13) 59 (4) 0(17) 0.1047(13) 0.8211 (7) 0.2075 (14) 68 (4) 0(18) 0.1983 (12) (3) 0(21) 0.3962 (14) 0.7246 (7) 0.1768 (15) 72 (5) 0(22) 0.2851 (14) 0.6989 (7) 0.1609 (15) 72 (5) 0(23) 0.1886 (14) 0.7318 (7) 0.1716 (15) 76 (5) copper The Cu, P and ATP O atoms were refined anisotropically; equivalent isotropic temperature factors are listed for these atoms; the y coordinate of Cu(l) was not refined in order to fix the origin; the water oxygens OW(4)-OW(7) are disordered.
least-squares refinement of the adenosine, bipyridyl and nitrate ligands and anions was not possible. Difference syntheses allowed the location of probable atom positions and these were refined in a constrained manner. For the adenosine moieties standard bond lengths were employed [11] . The bipyridyl rings were refined as regular hexagons with d(C-C) and d(C-X) = 1.395 A. The nitrate ligands and anions were refined to be planar with d(X-O) = 1.21 A. With the exception of the Cu and P atoms group isotropic temperature factors were employed (Table III) . Difference syntheses did not indicate the presence of water molecules of crystallisation. However because of the poor quality of the data and the possibility of disorder, no definite conclusion may be drawn.
To allow for the differences in the mosaic spread, the intensity data were rescaled anisotropically using the method of Shakked and Rabinovich [12] F0 (scaled) = F0/TH (7) 65 (7) 65 (7) 65 (7) 05 (7) 65 (7) 65 (7) 65 (7) 132 (11) 132 (11) 132 (11) 132 (11) 132 (11) 132 (11) 132 (11) 132 (11) 100 (10) 75(8) 100(10) 100(10) 100 (10) 34 (5) 48 (7) 48 (7) 48(7) (5) 0(11) 0.8689(31) 0.1210 (14) 0.1809 (31) 40 (5) 0(12) 0.9133(31) 0.0803 (14) 0.1267 (31) 40 (5) 0(13) 0.9692(31) 0.0931 (14) 0.0424 (31) 40 (5) 0(14) 0.9808(31) 0.1446 (14) 0.0122 (31) 40 (5) 0(15) 0.9364(31) 0.1852 (14) 0.0663 (31) 40 (5) 0(16) 0.9544(32) 0.2485(13) 0.0400 (31) 40 (5) 0(17) 0.8898(32) 0.2793 (13) 0.1029(31) 40 (5) 0(18) 0.8892(32) 0.3342 (13) 0.0922(31) 40 (5) 0(19) 0.9533(32) 0.3583 (13) 0.0245(31) 40 (5) 0(20) 1.0180(32) 0.3275(13) -0.0324(31) 40 (5) 0(21) 1.0186(32) 0.2720 (13) (15) a Equivalent isotropic temperature factors are given for the Cu atoms, which were refined anisotropically; b the y coordinate of Cu(l) was not refined in order to fix the origin. Table IV . Selected bond lengths and angles in 2.
Discussion
Perspective drawings of the structures of the molecule of 2 and the cation of 3 are provided in Figs 1 and 2 . The structure of 2 is well determined and allows a more detailed discussion of the bonding geometry than was possible for the analogous complex [Zn(H2ATP)(bipy)]2 • 4 H20, for which R = 0.098 for 1617 reflections [9] , The limited quality of the analysis of 3 prevents such an evaluation and in this case the discussion will concentrate on coordinational and conformational aspects of the structure. A dimeric structure is also observed for 3, which displays bidentate equatorial coordination of the two central ring Cu atoms, Cu(2) and Cu (3), by an a-and a /^-phosphate 0 atom (respectively Oil and 021) of an ADP molecule. In this case, however, the coordination of the copper atoms is [4-|-l]-square pyramidal with the metal shifted slightly from the plane of the four equatorial ligands towards the fifth axial ligand. which is provided by a ^-phosphate O atom 0(23), of the second ADP molecule. The axial Cu-O^ interaction is significantly weaker than the equatorial Cu-0 interactions. An average value of 2.29 A is obtained for this bond as compared to 1.92 Ä for the latter bonds. Perhaps the most surprising aspect of the structure of 3 is the monodentate coordination of two furt her copper atoms Cu(l) and Cu (4) by the /^-phosphate 0 atoms 0(22). These copper atoms also exhibit square pyramidal geometries with the equatorial substituents provided by two phenanthroline N atoms and a nitrato 0 atom, in addition to the /^-phosphate O atom. The axial ligand is a water oxygen in each case. Inspection of Fig. 1 indicates that the free terminal y-phosphate O atom in 2 is not capable of binding a further metal ion for steric reasons. In 3. however, the atom 0(22) of the terminal ß-phosphate are directed away from the chelate sixmembered ring and the central eight-membered ring and are. therefore, sterically available for further metal binding. Table V) . A value close to the ideal value of 180° is observed for this angle in 5'-monophosphates [13] . 4) . In contrast to the conformation at C(5')-0(5') values of yea and ^oc in 3 (Table V) lie in the typical ranges for non-complexed purine nucleotides. The conformation at the glycosidic bond X(9)-C(l) is anti for both independent nucleotides of 2 and 3.
Likewise the conformation at C(4')-C(5') is the common gauche. The bipyridyl ligands of Cu(l) and Cu(4) in 3 are only involved in intermolecular stacking (with one another).
The structures of 2 and 3 are essentially in agreement with the models proposed by Sigel on the basis of his solution studies [7] , Chelation of the copper ions by bipyridyl or phenanthroline prevents the interaction of the metal ion with the purine nitrogen N(7), as commonly observed in binary complexes of 5'-monophosphates [2, 3] . This appears to be an essential step in the hydrolysis mechanism for nucleoside polyphosphates [16] , These ternary complexes are, therefore, potential models for the mechanism of ATP and ADP transport in biological media. The structure of [Cu(H2ATP)(phen)]2 also lends valuable support to the mechanism which has been proposed for the enzymatic phosphate transfer from ATP [17. 18], 1.10-Phenanthroline may be regarded as a simple model for an enzyme which binds M(ATP) 2 " more strongly than M 2 + or ATP 4 e.g. the system arginine kinase/Mn(ATP) 2~ [19] . Then the present results, taken together with the [9] , indicate that charge-transfer interactions could play a significant role in the relative stability of enzyme-M 2 ""-ATP (and ADP) complexes. Furthermore, the phosphate binding to the metal ion in 2 is essentially bidentate, involving the ß-and y-phosphate 0 atoms. However, the fact that an a-phosphate 0 atom also makes a weak bond to the metal ion demonstrates that the geometrical prerequisites for a change from ß,y-to a./5-coordination are provided. Shortening of the Cu-O-c bond accompanied by a corroborative lengthening of the Cu-Oy bond will lead to the latter coordination and hence to a labile y-phosphate group, which is then available for transfer. A comparison of the present ternary copper complexes of ATP and ADP indicates that the geometrical conditions for intramolecular base stacking are more favourable in the ATP complex. However, an additional stabilisation of the ADP complex is provided by the monodentate binding of a further copper ion by each of the free terminal /^-phosphate 0 atoms.
